Background: Sequence requirements for triple-helical collagen to bind fibronectin are not fully understood. Results: Fibronectin affinity was conferred on a recombinant bacterial collagen by incorporating specific human collagen II sequences.
Interaction of collagen with fibronectin is important for extracellular matrix assembly and regulation of cellular processes. A fibronectin-binding region in collagen was identified using unfolded fragments, but it is not clear if the native protein binds fibronectin with the same primary sequence. A recombinant bacterial collagen is utilized to characterize the sequence requirement for fibronectin binding. Chimeric collagens were generated by inserting the putative fibronectin-binding region from human collagen into the bacterial collagen sequence. Insertion of a sufficient length of human sequence conferred fibronectin affinity. The minimum sequence requirement was identified as a 6-triplet sequence near the unique collagenase cleavage site and was the same in both triple-helix and denatured states. Denaturation of the chimeric collagen increased its affinity for fibronectin, as seen for mammalian collagens. The fibronectin binding recombinant collagen did not contain hydroxyproline, indicating hydroxyproline is not essential for binding. However, its absence may account, in part, for the higher affinity of the native chimeric protein and the lower affinity of the denatured protein compared with type II collagen. Megakaryocytes cultured on chimeric collagen with fibronectin affinity showed improved adhesion and differentiation, suggesting a strategy for generating bioactive materials in biomedical applications.
Collagen, the most abundant protein in the human body, is distinguished by its signature triple-helical structure based on a (Gly-Xaa-Yaa) n repeating sequence (1) . So far, 28 types of collagens have been described (2) (3) (4) . The fibrillar type I collagen, which constitutes more than 90% of the collagen in the body, forms characteristic fibrils with an axial periodicity of 67 nm in tendon, bone, and skin. Type I collagen is a heterotrimer with two ␣1(I) chains and one ␣2(I) chain. Type II collagen forms fibrils with the same periodicity in cartilage and vitreous (5, 6) , and is a homotrimer composed of three ␣1(II) chains, which show a high sequence homology to ␣1(I). Collagen fibrils provide physical support for cells and tissues, and also have a major impact on various cellular processes, such as adhesion, growth, migration, and differentiation. These biological functions are based on the interaction of collagen with various cell surface receptors and with other extracellular matrix proteins (7, 8 ). An understanding of how extracellular matrix molecules interact and influence each other can shed light on key aspects of extracellular matrix formation, remodeling, and tissue repair. One important example is the interaction between collagen and fibronectin, another abundant matrix protein implicated in cell proliferation as well as matrix assembly.
Fibronectin (Fn) 3 is a large dimeric glycoprotein containing modular domains that mediate self-assembly, binding to cell surface receptors, and interactions with collagen and other extracellular matrix molecules (9, 10) . A range of biochemical studies defined a 42-kDa domain containing six modules, 6 FnI 1-2 FnII 7-9 FnI, to be the gelatin-binding domain (GBD) (11) (12) (13) , due to its ability to strongly and specifically bind to denatured collagen (gelatin). Two separate fragments of the GBD, 6 FnI 1-2 FnII 7 FnI and 8 -9 FnI, have been shown to independently bind denatured collagen, but with a decreased affinity (14 -17) . High resolution structures have been determined by NMR and x-ray crystallography for the 6 FnI 1-2 FnII 7 FnI and 8 -9 FnI subfragments (15, 16) , and recently a crystal structure was reported for the zinc-mediated dimer of the intact GBD as well (18) .
The specific region within collagen responsible for binding to Fn and the nature of this interaction has been a long standing area of investigation. More than 30 years ago, it was demonstrated that Fn binds denatured collagen more tightly than the native triple-helical form (13, 19) , and the binding site on the ␣1 chain of type I collagen was localized to a cyanogen bromide peptide that includes the collagenase (MMP-1) cleavage site (11, 20) . Recently, important advances have been made in defining the interaction of denatured collagen peptides with Fn, using NMR and x-ray crystallography. Short synthetic (GlyXaa-Yaa) n peptides containing sequences from either the ␣1(I) or ␣2(I) chains have been employed to further define the required collagen sequence and mode of Fn binding (15) (16) (17) . NMR monitoring of the perturbation of signals from individual residues within 8 -9 FnI or 6 FnI 1-2 FnII 7 FnI modules showed that a 24-residue gelatin peptide (␣1(I) Gly 778 -Gly 799 ) bound tightly, and a crystal structure of the 8 -9 FnI module segment shows residues 784 GLOGQRGER 792 within the longer peptide form an anti-parallel ␤-strand that interacts with a ␤-sheet in 8 FnI (15) . Although the binding of Fn to denatured collagen has been well characterized, the binding of Fn to native collagen has been more difficult to define. Native triple-helical collagen has been shown to interact with Fn by a range of techniques, including rotary shadowing (21) , sucrose gradient centrifugation (21) , and solid-state binding assays (19) , but it is not clear if the same Gly-Xaa-Yaa sequence binds in the triple-helical versus the denatured states. Here, a recombinant bacterial collagen-like protein system is employed to characterize the amino acid sequences in native and denatured collagen required for Fn binding. A collagen-like protein found in Streptococcus pyogenes, which is readily expressed and easily modified in Escherichia coli, was previously shown to have a triple helix structure and stability similar to that of human fibrillar collagens, even though post-translationally formed hydroxyproline (Hyp) is absent (22) (23) (24) . Chimeric collagen-like proteins were generated by inserting potential Fn binding sequences from human collagen type II between bacterial collagen modules. The binding of these chimeric constructs in their native and denatured states to Fn was investigated using solid-state binding assays to define the minimal required sequence. The results obtained from the recombinant bacterial collagens allowed comparison with previous studies done on mammalian collagen fragments as well as synthetic collagen-like peptides. Chimeric collagens with in vitro Fn binding ability were also shown to promote adhesion and differentiation of human megakaryocytes, suggesting these recombinant collagens could be developed as biomaterials for biomedical applications.
EXPERIMENTAL PROCEDURES
Molecular Cloning-The protein sequence for the bacterial collagen SCl constructs was based on the Scl2.28 sequence from S. pyogenes with DNA codon optimized for E. coli expression. A His 6 tag was introduced at the N terminus for purification purpose. The full DNA sequence encoding the SCl protein was synthesized at Biomatik Corp. (Wilmington, DE). Oligonucleotides encoding various lengths of the type II collagen Fn-binding region were designed and synthesized (Invitrogen). Annealed dsDNA were inserted between the two collagen-like (CL) domains of the SCl constructs through restriction sites XmaI and ApaI predesigned in the sequence. The final constructs containing the Fn-binding sites were cloned into the pColdIII vector (Takara Bio Inc.) through NdeI and XbaI restriction sites. All enzymes for cloning were purchased from New England Biolabs (Ipswich, MA). DNA sequencing to confirm fidelity was carried out at the Tufts Core Facility. The DNA constructs and their subsequent proteins were denoted as SCl, for Streptococcus collagen-like proteins, and those recombinant proteins containing type II collagen sequences predicted to binding Fn denoted as SCl-Fn. To define the length of the insertion of type II collagen, we use SCl-Fn #-#Ј , with # representing the starting residue and #Ј representing the final residue of the inserted type II collagen sequence. For example, the putative GLPGQRGER sequence is located in the type II collagen triplehelix region from residue Gly 784 to Arg 792 , and the recombinant bacterial VCLCL construct containing this sequence between the two CL domains is denoted as SCl-Fn G784-R792 .
Protein Purification-All SCl constructs in the pColdIII vector were expressed in E. coli BL21 strain, grown in 20 ml of LB medium with 100 g/ml of ampicillin overnight at 37°C. This starting culture was used to inoculate 500 ml of LB-ampicillin media in a shaking flask and grown at 37°C to an A 600 nm ϭ 0.8. To induce protein expression, 1 mM isopropyl ␤-D-thiogalactopyranoside was added to the culture and the temperature was lowered to 22°C. After 16 h induction, cells were harvested by centrifugation and resuspended in a His tag purification column binding buffer (20 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, 10 mM imidazole) containing 0.25 mg/ml of lysozyme and frozen at 80°C until purification. The expression protocol was modified to decrease the level of truncated products in SCl-Fn G769-R789 and SCl-Fn G769-R792 expression by using HyperBroth TM (Athena Environmental Sciences, Inc., Baltimore, MD) instead of LB broth, and performing isopropyl ␤-D-thiogalactopyranoside induction for 4 h. Protease inhibitor mixture (Sigma) was also added to binding buffer during cell resuspension.
Purification of the His-tagged SCl-Fn was carried out by gravity-driven immobilized metal ion affinity chromatography with nickel ion binding and imidazole gradient elution. Frozen cells were thawed and further lysed by sonication. Cellular debris was removed by centrifugation at 8,228 ϫ g at 4°C. Supernatant containing the soluble target protein was loaded onto equilibrated purification columns packed with nickel-nitrilotriacetic acid beads (Qiagen, Valencia, CA) and run through the column by gravity. The column was then washed sequentially with 2 bed volumes of binding buffer, binding buffer plus 60 mM imidazole, and binding buffer plus 120 mM imidazole. His-tagged protein on the column was eluted by elution buffer (binding buffer plus 400 mM imidazole). Protein purity was checked by SDS-PAGE (NuPAGE BisTris 4 -12%, Invitrogen) and molecular weight was determined by MALDI-TOF MS. The concentration of protein was determined using an extinction coefficient of ⑀ 280 ϭ 9970 M Ϫ1 cm Ϫ1 after dialysis into phosphate-buffered saline (PBS, pH 7.4). Chemicals used in all experiments are purchased from Sigma, unless otherwise indicated.
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Circular Dichroism (CD) Spectroscopy-CD spectra were obtained on AVIV Model 420 CD spectrometer (AVIV Biomedical, Lakewood, NJ) using glass cuvettes with 1-mm path length. Protein solutions were equilibrated for at least 24 h at 4°C before measurement. Wavelength scans were collected from 190 to 260 nm in 0.5-nm steps with a 4-s averaging time, 1.0-nm bandwidth and repeated three times. Temperature scans were monitored from 15 to 70°C at 225 nm with a 10-s averaging time and 1.5-nm bandwidth. Samples were equilibrated for 2 min at each temperature, and the temperature was increased at an average rate of 0.1°C/min.
Differential Scanning Calorimetry (DSC)-DSC was performed on a NANO DSC II model 6100 (Calorimetry Sciences Corp, Lindon, UT). Each sample was re-dialyzed against PBS overnight before measurement to collect the dialyzed buffer as reference in the experiment. Sample solutions were loaded at 0°C into the cell and heated at a rate of 1°C/min to 100°C.
Mass Spectrometry (MS)-Matrix-assisted laser desorption/ ionization time-of-flight (MALDI-TOF) mass spectra were acquired on a Microflex LT system (Bruker Corporation, Billerica, MA) with 70% laser intensity using standard LP (linear positive) 60-kDa method provided by the software. MALDI matrix was prepared by saturating sinapinic acid in solution containing 50% (v/v) acetonitrile and 0.3% (v/v) trifluoroacetic acid. A 6-l aliquot of a 1 mg/ml sample was mixed with 24 l of matrix, 1 l of solution was plated onto a 96-spot target plate and allowed to dry.
Trypsin Cleavage Assay-Purified SCl-Fn in PBS buffer was incubated with 0.01 mg/ml (430 nM) of trypsin at 25°C for 30 min, 60 min, 180 min, and overnight. The reaction was stopped by adding phenylmethylsulfonyl fluoride (PMSF) to 1 mM. Cleavage was visualized on an SDS-PAGE.
Fibronectin Binding Assay-The binding of Fn to immobilized SCl-Fn were measured using a solid-state binding assay. 50 l of 10 or 100 g of SCl-Fn proteins were coated onto high binding 96-well assay plates (R&D Systems, Minneapolis, MN) overnight at 4°C. Denatured samples were first incubated in a 90°C water bath for 30 min before coating. Plates were blocked by 3% BSA for 1 h at RT. 50 l of human plasma Fn (Millipore FC010 -10MG) was subsequently added to each collagencoated well at a concentration of 100 g/ml and incubated for 2 h. For dose-response assay, series concentrations of Fn at 100, 60, 20, 6, 2, 0.6, and 0 g/ml were used. For the gelatin inhibition assay, 100 g/ml of fibronectin was mixed with 100 g/ml of denatured collagen type II overnight at 4°C before being incubated on the collagen-coated plates. Bound Fn on plates were detected by mouse anti-human Fn C-terminal antibody (or mouse anti-human Fn GBD antibody for competitive binding assay, Millipore MAB1935 and MAB1892) at a 1:1000 dilution for 1 h. Secondary anti-mouse HRP antibody (Santa Cruz) at 1:3000 dilution was incubated for 1 h and 50 l of 3,30,5,50-tetramethylbenzidine solution (Invitrogen) was added for the colorimetric reaction. Plates were washed by 200 l of PBST 6 times between every step. Color was allowed to develop at room temperature for 5 min and 50 l of 1 N HCl was added to stop the reaction. A 450 nm was recorded from the 96-well plate using a Spectra Max M2 plate reader (Molecular Devices, Sunnyvale, CA) for data analysis. Appropriate controls (bovine collagen type II and SCl with no insertion) were included using the same setup. All assays were performed in triplicates. Human cellular Fn (Sigma F2518) was also tested in the above mentioned binding assay, no obvious differences were observed compared with human plasma fibronectin, consistent with an early study (19) . This is likely due to the fact that they share the same GBD.
Megakaryocyte Cell Cultures-Human umbilical cord blood was purchased from The Cord Blood Bank of New York (Long Island, NY). Megakaryocytes (MK) were differentiated as previously described (25) . Briefly, mononuclear cells were separated by layering blood onto Lympholyte (Ͻ1077 g/ml, Cedarlane, Hornby, Canada). Cells were then washed twice in phosphate-buffered saline (PBS) and CD34 ϩ cells were separated by the immunomagnetic bead selection technique (Miltenyi Biotec, Auburn, CA) according to the manufacturer's instructions. CD34
ϩ cells were then cultured in Stem Span medium (Stem-Cell Technologies, Vancouver, Canada), supplemented with 10 ng/ml of TPO, IL-6, and IL-11 (PeproTech, Rocky Hill, NJ) at 37°C in a 5% CO 2 fully humidified atmosphere. At the end of the culture (13 days), 1 ϫ 10 5 cells were collected and plated per well of a 24-well tissue culture plate. The plates were pretreated with 100 g/ml of filter-sterilized SCl-Fn G769-R792 and SCl-Fn G769-R789 solution overnight. The plate was washed twice with PBS and subsequently incubated with 25 g/ml of human cellular Fn (Sigma F2518). The plate was washed twice with PBS before being seeded with mature human MK.
Data Analysis-All quantitative analyses were performed in triplicate. Results presented were based on the averages of data points and S.D. as error bars. The significance level was determined by a p value using two sample paired Student's t test between the means of two samples. Raw CD and MS data were processed and plotted in Origin 6.0 (MicroCal Inc.). Results of the binding assay were plotted in Excel 2013 (Microsoft Corporation) and B max and K d values were calculated by fitting the plot to specific saturation binding equation:
in GraphPad Prism 6.0 (GraphPad Software Inc.) with the S.E. obtained from the curve fit.
Note-The human collagen type II sequence used for the recombinant collagen design is based on UniProt entry P02458. Amino acids in the collagen domain are numbered starting from the beginning of the triple-helical region (residues 201-1214 of entry P02458), based on typical collagen notations. "O" or "Hyp" denotes 4-hydroxyproline in the text.
RESULTS

Design and Expression of Chimeric Bacterial Collagens-A
collagen-like protein in S. pyogenes (Scl2.28) contains an N-terminal trimerization domain (V domain) followed by a CL domain with 79 Gly-Xaa-Yaa triplets (22, 26, 27) . A construct in which the collagen domain was duplicated, VCLCL, was cloned and has been used in this study as the host for human collagen sequence insertions that may mediate binding to Fn. Both VCL and VCLCL constructs form homotrimers with a typical triplehelix structure and a thermal stability of 36 -37°C. These proteins are produced in high yields in E. coli using a cold-shock expression system (28), and were purified on a His tag column. Prolyl hydroxylase is not present in E. coli, so the expressed Fibronectin Binding in a Bacterial Collagen System FEBRUARY 21, 2014 • VOLUME 289 • NUMBER 8 protein does not undergo any post-translational modification of Pro residues to Hyp.
The VCLCL construct, denoted as SCl, was modified by recombinant DNA technology to contain potential Fn binding sequences from human collagen, inserting (Gly-Xaa-Yaa) n sequences, where n ϭ 3 to 8. Because the bacterial system produces homotrimers, sequences from the homotrimeric human ␣1(II) chain rather than the heterotrimeric type I collagen were inserted into the bacterial system (Fig. 1) . The human collagen sequences were inserted between two tandem CL domains of bacterial collagen because this design was previously reported to be successful for conferring biological activity (24, 29) . Recent studies by Erat et al. (15) indicated a peptide with residues 778 -799 from the ␣1 chain of type I collagen bound tightly to Fn. These studies on denatured ␣1(I) collagen model peptides were used to guide the design of inserted human ␣1(II) sequences, because ␣1(II) and ␣1(I) are highly homologous in this region.
Initially, the three triplets, GLPGQRGER, shown to participate in the ␤-sheet with the 8 FnI module were inserted into the bacterial collagen construct (Fn G784-R792 ) to see if this interacting sequence was sufficient for binding Fn. In further constructs, the human type II sequence was extended in the N-terminal direction to insert 4, 5, and 6 tripeptides, creating constructs SCl-Fn G781-R792 , SCl-Fn G778-R792 , and SCl-Fn G775-R792 . A second set of proteins was constructed to explore the requirements at the C terminus, inserting 4, 6, 7, or 8 tripeptides from the ␣1(II) chain: SCl-Fn G772-V783 , SCl-Fn G769-P786 , SCl-Fn G769-R789 , and SCl-Fn G769-R792 (Fig. 1) .
The recombinant proteins were expressed in E. coli and purified through a nickel-nitrilotriacetic acid column (immobilized metal ion affinity chromatography), yielding ϳ50 -100 mg/liter of chimeric collagen proteins. The purity of the proteins was confirmed by SDS-PAGE ( Fig. 2A) . All constructs showed one major band with the exception of the two proteins with the longest 7 and 8 triplet insertions, SCl-Fn G769-R789 and SClFn G769-R792 . On SDS-PAGE, these two proteins showed a major band that represent the full-length of SCl (VCLCL) constructs, together with one lower band corresponding to the size of VCL, suggesting that some portion had been degraded into VCL and CL fragments and/or that limited nutrients in the culture media caused premature termination of protein translation. The level of truncated fragments decreased after the protein production conditions were optimized (richer media: HyperBroth TM ; shorter induction time; and protease inhibitors during bacteria lysis), but these shorter proteins were never fully eliminated. MALDI-TOF confirmed the identity of all purified proteins (Fig. 2B, Table 1 ).
Structural and Stability Characterization of the Chimeric Proteins-The CD spectra of all chimeric proteins showed a characteristic maximum near 220 nm, indicating that they adopted a triple-helix conformation (Fig. 3A, Table 1 ). The constructs with the longest insertions generally had somewhat lower MRE 220 nm values, which could reflect the presence of denatured fragments or a distortion of the triple-helix. The thermal stability of the triple-helix was very similar for all constructs. Monitoring the MRE 220 nm versus temperature indicated a sharp thermal transition, with a T m near 36.5°C for all chimeric proteins, except those with the longest 7 and 8 tripeptide insertions, where T m values were slightly lower (35.5 and 35.2°C). The DSC profile of the SCl control showed a sharp transition near 38°C, with a calorimetric enthalpy of 4200 kJ/mol (Fig. 3B, Table 1 ). The insertion of 3 tripeptides, GLPGQRGER, in SCl-Fn G784-R792 gave a DSC profile with the same T m value and only a slight decrease in enthalpy. However, when 6 or 8 triplets were inserted, the enthalpies were lowered by ϳ400 -500 kJ/mol. For both of these proteins, SCl-Fn G775-R792 and SCl-Fn G769-R792 , a shoulder of lower temperature was visible in addition to the main peak, consistent with a small fraction of truncated or denatured protein. The position of the major DSC thermal transition for SCl-Fn G769-R792 also dropped ϳ1°C compared with the control, similar to the CD T m results. All DSC transitions were at higher temperatures than the CD T m values because of the faster heating rate (30) .
Trypsin digestion was performed on three of the collagen constructs, SCl-Fn G775-R792 , SCl-Fn G778-R792 , SCl-Fn G784-R792 , to ascertain if the inserted human sequences maintained a tight triple-helix (Fig. 3C) . The V domain of SCl was cleaved off quickly, yielding a slightly lower band on SDS-PAGE, corresponding to the size of the CL-CL unit. With trypsin digestion over long time periods there appears to be a gradual digestion from the ends, leading to slightly smaller bands. SClFn G775-R792 and SCl-Fn G778-R792 proteins with 5 triplet and 6 triplet insertions, respectively, showed partial cleavage at the insertion site, yielding a lower band corresponding to the size of a single CL domain. In contrast, SCl-Fn G784-R792 with the 3 triplet insertion was not susceptible at the insertion site, with no single CL unit detectable on the gel.
Minimum Amino Acid Sequence Requirement for Fibronectin Binding-Solid-state binding assays were used to measure soluble Fn binding to solid-phase collagen adsorbed on a plastic surface. Such a solid-phase assay may mimic Fn interactions with insoluble collagen fiber bundles in the extracellular matrix (31, 32) . These binding assays were carried out on all 8 chimeric bacterial collagen constructs, as well as type II collagen and the control SCl, to determine the minimum amino acid sequence for binding of Fn to native recombinant collagens. The collagen samples were coated on ELISA plates and binding was assessed for two different Fn concentrations (Fig. 4A) . The binding assays were performed at room temperature, and because all of the triple-helical proteins had T m values greater than 30°C, these assays represent binding of Fn to native triple-helical collagen. Fn did not show any binding to the original SCl protein, indicating there is no binding site within the original bacterial 
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collagen CL sequence. In the first set of sequences, Fn did not bind to SCl-Fn G784-R792 , SCl-Fn G781-R792 , and SCl-Fn G778-R792 , indicating the inserted sequences were not sufficient for binding. However, Fn did bind to SCl-Fn G775-R792 . In the second set of recombinant proteins with a progressive increase of insertion length at the C terminus, SCl-Fn G772-V783 , SCl-Fn G769-P786 , and SCl-Fn G769-R789 did not bind Fn, whereas SCl-Fn G769-R792 did bind. These studies indicated that the 775 GLA triplet on the N terminus and the 790 GER triplet on the C terminus were required for Fn binding, bracketing the essential sequence. These results define the minimal requirement for Fn binding to human type II collagen as the 6-triplet sequence, GLAGQR-GIVGLPGQRGER, in a triple-helix context. Native bovine type II did bind to Fn using the same binding assay, but the signal observed was weaker than seen for the two recombinant collagens SCl-Fn G775-R792 and SCl-Fn G769-R792 .
To investigate if the minimal required Fn binding sequence was the same in the denatured and native states of collagen, solid-state binding assays were performed after incubating all recombinant collagen samples at 90°C for 30 min. Again, Fn bound only to constructs SCl-Fn G775-R792 and SCl-Fn G769-R792 in the denatured form (Fig. 4A) . This indicated that the minimum amino acid sequence requirement for Fn binding was the same for denatured and native collagens. The binding was also assayed in reverse by immobilizing Fn on the plate and monitoring the binding of soluble SCl-Fn through anti-His tag antibody. Similar results were observed indicating the same sequence requirement for Fn affinity (data not shown), but we were unable to compare this result with bovine collagen type II due to the difficulty in getting His-tagged animal collagen and the lack of an appropriate antibody to detect both animal and bacterial collagen.
To confirm the GBD of Fn was responsible for binding the recombinant collagens, a competitive binding assay was performed that utilized an anti-Fn GBD antibody, as well as an antibody to the distant C terminus of Fn. Fibronectin that bound to plates coated with SCl-Fn G775-R792 , SCl-Fn G769-R792 , or type II collagen was detectable by an antibody to the C terminus of Fn, but could not be identified by an antibody to the Fn GBD domain (Fig. 4B) . This observation was consistent with the GBD on Fn being occupied by the recombinant collagen proteins or type II collagen, such that the site was no longer accessible to this specific antibody targeting the GBD through a steric exclusion mechanism. Thus, the interaction between SCl-Fn chimeric proteins and Fn was a site-specific interaction that involved the GBD of Fn.
To investigate whether this specific interaction between bacterial collagen and Fn could be disrupted by soluble gelatin, a gelatin inhibition assay was performed by premixing Fn with denatured collagen type II before incubating on collagencoated plates. The results indicated that soluble gelatin serves as an effective inhibitor for binding between Fn and immobilized collagen. The inhibition effect was more dramatic on recombinant collagen and native collagen II as compared with coated denatured collagen type II (Fig. 4C) . This may imply that denatured collagen type II has a lower dissociation constant (K d ) that makes it more effectively compete with recombinant collagen or native collagen type II for the binding site on Fn. 
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Quantitation of Fibronectin Binding Affinity for Native and Denatured Recombinant Chimeras and Type II Collagen-The two recombinant constructs that bound Fn were SClFn G775-R792 and the construct with the same insert plus two additional N-terminal triplets, SCl-Fn G769-R792 . The Fn binding affinity of these two recombinant constructs, as well as type II collagen, was studied in both the native and denatured states at varying concentrations of Fn, and typical saturation kinetics were observed for all curves (Fig. 5) . Fn bound more tightly to SCl-Fn G775-R792 and SCl-Fn G769-R792 in their denatured states than in their native triple-helical form, demonstrating a preference of Fn for the denatured state in the context of bacterial collagen. The two chimeric proteins showed similar binding in the native state, but the shorter insertion bound somewhat more tightly in the denatured form ( Table 1) .
The difference in Fn binding between native versus denatured forms was more striking for collagen type II than for the recombinant proteins. In the native triple-helical form, SClFn G775-R792 and SCl-Fn G769-R792 bound more efficiently than native bovine collagen type II (Table 1) . However, after denaturation, type II collagen showed a dramatic increase in affinity, so that its K d is now 3-5 times lower than the denatured SClFn G775-R792 and SCl-Fn G769-R792 values. The higher Fn affinity seen for denatured type II collagen compared with the chimeric collagens could reflect additional Fn-binding sites within mammalian collagen (17, 33, 34) .
SCl-Fn Promote Cell Adhesion and Growth-The solid-state binding assays reported here demonstrated that insertion of residues ␣1(II) Gly 775 -Arg 792 within the bacterial collagen con- 
text conferred the ability of these proteins to bind to Fn. To investigate whether this Fn binding would be active in a biological context, the influence on megakaryocte (MK) maturation and proplatelet formation mediated by SCl-Fn was assayed. Human mature MK were plated on SCl-Fn G769-R789 , which did not show binding in the solid-state binding assay, and SClFn G769-R792 , which did exhibit Fn binding. The recombinant collagens were coated on tissue culture plastic followed by incubation with 25 g/ml of human cellular Fn. As shown in Fig. 6 , MK adhered preferentially to SCl-Fn G769-R792 as compared with the SCl-Fn G769-R789 -coated plate. Controls were performed by seeding MK on uncoated or bovine type II collagen-coated plate wells, showing, respectively, low and high MK adhesion. At least three Fn binding integrins are expressed by MK (␣4␤1, ␣5␤1, and ␣II␤3) (35) and previous data demonstrated a pivotal role for these integrins in regulating MK development and interaction with the bone marrow extracellular matrix environment (25, 36, 37) . The observed increase in MK adhesion and proplatelet formation on SCl-Fn G769-R792 is consistent with its higher Fn affinity in solid-phase binding assays.
DISCUSSION
Collagen sequences from the putative fibronectin-binding region of human collagen type II were included within a triplehelical bacterial collagen context, expressed as recombinant proteins, and studied for their ability to bind Fn. The S. pyogenes bacterial collagen Scl2.28 forms a stable triple-helical structure and has no known biological interactions or activities (38) . Previous studies show the insertion of human collagen sequences within the recombinant triple-helical protein conferred biological activity similar to that found in human collagens. For example, recombinant Scl2.28 proteins with inserted integrin binding sequences (GFPGER, GFPGEN, and GLPGER) were shown to bind cell surface integrins in vitro and to mediate cell binding (23, 39) , whereas insertion of the GRPGKRGKQGQK sequence led to heparin binding (40) . Incorporation of 6 triplets from the human collagen type III MMP cleavage site led to digestion by MMP-1 at the same site as in native type III collagen (29) . All of these collagen sequences only have biological activity when in a triple helix context. In contrast, Fn is known to bind to denatured collagen even stronger than native collagen. The bacterial collagen system offers an opportunity to define Fn binding to native and denatured recombinant proteins containing different lengths of human collagen sequences proposed to interact with Fn.
Recent studies on the binding of various unfolded (Gly-XaaYaa) n peptides to Fn are extended here to include residues in a recombinant triple-helix context, allowing definition of the minimum sequence requirement for Fn binding in both the native and denatured states. The original bacterial collagen SCl (VCLCL) without genetic modification could not bind Fn, but insertion of sufficient lengths of the amino acid sequence from the human collagen ␣1(II) chain, near the collagenase cleavage site, conferred Fn binding activity. Solid-state binding assays on the chimeric collagen showed that the 6-triplet type II collagen sequence, 775 GLAGQRGIVGLPGQRGER 792 , was the minimal requirement for Fn binding in both triple-helical and denatured conditions. Although residues GLPGQRGER appear to be key in interacting with the 8 FnI module in the crystal structure (15), full-length Fn did not bind to the SCl-Fn G784-R792 protein, indicating these three triplets may be necessary but are not sufficient for binding to the triple-helical or denatured states in our system. Extending the required 6 triplet sequence two triplets further in the N-terminal direction did not increase the binding to Fn. It is likely that these 6 triplets also represent the binding site in the ␣1(1) chain, which differs from the ␣1(II) sequence in only two residues in this region, L776I and I782V, showing conservative changes in these positions.
The collagen sequence defined here as the minimum for Fn binding falls in a region known to be a ligand binding hot spot in fibrillar collagens (41) . Within the required 6-tripeptide Fn binding sequence, the three triplets in GLAGQRGIV that pre- (42, 43) . A recent study indicated that Leu residues at positions 776 and 785 were critical for MMP activity through direct interaction with the MMP catalytic and hemopexin domains, respectively (44) . Because the minimum Fn binding sequence defined here overlaps with the key residues for MMP cleavage, MMP and Fn could compete for binding at this site.
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It is well known that Fn binds more tightly to denatured collagen than to native triple-helical collagen (19) , and this preference for the unfolded state was retained in the chimeric bacterial collagens studied here. There is much interest in how Fn can bind to collagen in both the denatured as well as the native states, and whether both binding abilities play a physiological role. In our system, the same GLAGQR-GIVGLPGQRGER sequence was found to be required for Fn binding to gelatin or native triple-helical collagen. It is not clear how Fn binds to a sequence within the tightly packed native collagen, which shows resistance to digestion by most enzymes and a lack of immunogenicity. If the GLPGQRGER sequence is to participate in a ␤-sheet with the 8 FnI module, as suggested from the crystal structure of the 8 -9 FnI module with peptide Gly 778 -Gly 799 (15) , this sequence would have to be pulled out from the supercoil of the triple-helix and extended from the 2.9-Å rise/residue of a triple-helix to the 3.4-Å rise/residue of a ␤ strand. This is not an obvious structural transition because the sequence GLPGQRGER is predicted to have a relatively high propensity for triple-helix formation (45) and a relatively low propensity for a ␤ strand (46) . However, a range of observations suggests that this may be a flexible region, which is able to adopt an alternative equilibrium conformation. There is only one imino acid residue within the entire 6 triplet region (6%), and no Pro/Hyp within the first 3 triplets, compared with an overall 20% imino acid content within type I/II collagens. The importance of this imino acid deficiency is illustrated by an early study on transgenic mouse models showing that introduction of a Pro at a residue immediately before or after the Gly 775 collagenase cleavage site (changing Gln-Gly 775 -Leu-Ala to either Pro-Gly 775 -Leu-Ala or Gln-Gly 775 -Pro-Ala) interferes with both MMP cleavage and Fn binding (47) . In addition, two of the first three triplets, GLA and GIV, have a very low triplehelix propensity (45) . Computational studies indicate this region has an alternative "vulnerable" conformation in equilibrium with the triple-helical state (48, 49) , which is susceptible to collagenases. It is possible that a vulnerable conformation in this relatively loose triple helix region at the MMP cleavage site is transiently extended C terminally to unwind the GLPGQRGER sequence, so it can participate in the Fn ␤-sheet structure. Any alternative state must exist on a fast time scale in equilibrium with a well folded triple helix. Consistent with this hypothesis, the recombinant chimeric collagens with longer insertions do show partial susceptibility to trypsin at the human sequence insertion site, even though a fraction of the protein remained trypsin resistant after 24 h.
There is only one Pro in the 6 triplets needed for Fn binding, at position 786 in Gly-Leu-Pro 786 , and it is located in the Y position, where it normally undergoes hydroxylation to Hyp in type I collagen (50) . The bacterially expressed recombinant collagen, which bound Fn did not undergo any post-translational modification and thus did not contain Hyp at position 786. These results indicate that Hyp is not essential for collagen or gelatin binding to Fn, just as it was found not to be essential for collagen binding to integrin or heparin or for MMP-1 cleavage. However, it is possible that the absence of Hyp may be responsible for some differences in Fn affinity observed between the recombinant collagen and type II collagen, because Hyp is known to affect the triple helix structure and stability and to form direct interactions with some proteins and receptors (51, 52) . It is expected that the absence of Hyp 786 will decrease local stability and rigidity, and in the context of Fn binding, a looser triple helix should lead to tighter binding. This is consistent with the ability of trypsin to digest the recombinant constructs with 5 and 6 tripeptides, but not type II collagen, and the apparent tighter binding of the native triple-helical bacterial constructs with 5-6 tripeptides compared with type II collagen.
Because SCl-Fn was produced in a E. coli system, the scalability and easy modification of the recombinant system also raise the possibility for this chimeric protein to be a novel biomaterial. Previously, the potential to obtain collagenous proteins with controllable biological activity modules using the bacterial collagen system has been demonstrated, leading to improved human mesenchymal stem cell growth in two-and three-dimensional cultures (24) . To further demonstrate SCl-Fn as a suitable bioactive material, human megakaryocytes were cultured on SCl-Fn in the presence of Fn. SCl-Fn could effectively immobilize soluble Fn in the cell culture and subsequently support the attachment and differentiation of megakaryocytes. Fibronectin has been known to play a key role in supporting hemopoiesis (53) , megakaryocyte development, and platelet release (54) . It has been previously demonstrated that megakaryocytes are involved in the process of fibronectin fibrillogenesis and that, in turn, fibronectin plays a pivotal role in regulating megakaryocyte-type I collagen interaction in the bone marrow environment (37) . Thus, SCl-Fn, as a Fn binding biomaterial, could support megakaryocyte function with the potential for bone marrow modeling and platelet production.
In conclusion, Fn binding affinity was conferred on bacterial collagen by incorporating a minimum of 6 triplets of human collagen type II sequence from residue Gly 775 -Arg
792
. We demonstrated the potential of this bacterial collagen system as a model to study collagen and Fn binding, and its practical use in promoting cell attachment and differentiation. Defining this fibronectin binding sequence and demonstrating its function in the recombinant system can help guide future recombinant protein design to build biomaterials with selective Fn binding ability.
